The one photon and two photon excitation spectral properties (absorption, emission spectra, singlet lifetime) of a very efficient two photon absorber, dimethyl-pepep, have been measured in solution. The one photon excitation peak lye near 525 nm and the emission falls at 600 nm, where autofluorescence of cells is weak. The value of the singlettriplet conversion rate, obtained by two-photon excitation fluorescence correlation spectroscopy, has a quadratic dependence on the excitation power and is comparable to that shown by the dye rhodamine. Preliminary results on stained cells from yeast Saccaromices cerevisiae and Paramecium primaurelia show that the dye preferentially stains DNA in the cell. A direct comparison with a DNA stainer, Dapi, is also performed. Some measurements of the dye functionalized to react with lysine and n-terminal residues of protein are presented. Moreover, this dye can be employed in order to follow in detail some cellular processes such as nuclei division. In vitro fluorescence titration of dimethyl-pepep with calf thymus DNA allowed to estimate the values of the dye-DNA association constant versus ionic strength, and an affinity close to that of ethidium bromide is found.
INTRODUCTION
Cellular imaging is a long standing technique for the investigation of cell structure and functions. In particular, fluorescence microscopy has been widely adopted since it offers to investigate the details of a variety of physiological behaviors in the cell. Fluorescence microscopy, when coupled to confocal detection, offers enhanced resolution and three dimensional (3D) sectioning capabilities with respect to other optical microscopy techniques 1 . The selectivity for specific physiological behaviors within the cell is obtained by using fluorophores sensitive to the environment changes, such as Ca++, Mg++, K+ concentrations, voltage drops across membranes or the membrane polarity.
More recently two-photon excitation microscopy has broken through the biomedical research, with a variety of cellular and tissue applications. The main advantage of this technique particularly for cellular applications is the intrinsic high spatial resolution, reduced Raman scattering and fluorescence background from the cell, and the reduced out of focus bleaching 2 . However the bleaching of the dyes in the scanning plane may be enhanced when compared to the conventional single photon confocal microscopy case.
A wide effort is therefore being undertaken in order to develop efficient two-photon absorbers with high quantum efficiency and two-photon cross-section and with low bleaching for two-photon excitation [3] [4] [5] . We give here a detailed characterization employing both one and two photon excitation of an efficient two-photon absorber, dimethyl-pepep. This dye has a fluorescence brightness (the absorption cross-section times the quantum yield) as high as 1/10 of that of fluorescein 6 . Fluorescence correlation spectroscopy (FCS) has also been used in conjunction with photon counting histogram (PCH) technique, in order to determine the molecular brightness and the existence of a triplet state, whose conversion rate to the excited singlet state has been quantified.
Then some imaging application of this fluorescent probe are shown involving the yeast Saccaromices cerevisiae, and a second application is also shown on the ciliated protozoon Paramecium primaurelia. In these cases we have investigated the staining of the cells, detecting a remarkable affinity of this dye for the DNA in the nucleus.
The brightness of the drug is sufficient to collect the fluorescence image with dwell times ≅ 10 µs and excitation powers ≅ 2 mW.
Characterization of the binding of this dye to biopolymers performed by fluorescence titrations of dye-calf thymus DNA and dye-BSA (a model protein) solutions has yielded estimation of the binding constant for the two systems.
2.MATERIALS AND METHODS
Dimethyl-pepep (d-pep, Scheme 1)and pepep-isothiocianate have been synthesized [4] [5] [6] . Rhodamine 6G has been purchased by Fluka Chemical Co., calf thymus DNA, beta-lactoglobulin B, and Bovine Serum Albumin (BSA) were purchased by Sigma-Aldrich Chemical Co. All reagents (ethanol, dimethyl-sulfoxide) were of the highest purity. d-pep was dissolved in DMSO in order to obtain a millimolar stock, then diluted in the proper solvent (ethanol or buffer) just before each measurements. Rhodamine 6G was dissolved in ethanol, while the biological samples were dissolved in the proper buffer, usually a phosphate buffer at pH 7.5 at the desired ionic strength. Solution concentrations were checked photometrically by employing the dye molar extinction coefficients taht follow: ε(525 nm)=72000 M The BLG labeling has been obtained by incubating under continuos stirring at room temperature a solution of 1 mg/ml of BLG with then times excess dye kept in the dark. The free dye was separated from the complex by elution on a elution column containing a polyacrylamide gel (BIOGELP, P-6 Gel Fine, Biorad, Hercules, CA), having an exclusion limit of 6000 Da. The degree of labeling was estimated photometrically by the ratio of the protein /to dye absorption peaks and was about 1:1.
Yeast Saccaromices cerevisiae cells have been stained with d-pep or with dapi staring from 1 mM stock solutions. Cultures of Paramecium primaurelia, stock 90, were grown at 25°C in lettuce infusion (pH 6.9) bacterized with Enterobacter aerogenes and the cells used were in mid-log phase of growth. Living paramecia were incubated at room temperature for times varying from 3 to 30 min with 4 µM d-pep or with BLG-pep in sterile culture medium, washed and fixed for 30 min in 2% paraformaldehyde. In addition, fixed cells were stained with d-pep, washed and mounted in buffer/glycerol. Control (unstained) cells were also prepared in order to estimate the autofluorescence contribution.
Steady state fluorescence measurements and the fluorescence titrations of d-pep and DNA have been performed on a Cary Eclipse spectrofluorimeter (Varian Inc., Victoria, Australia), exciting the dye at 525 nm. Fluorescence lifetime measurements at magic angle have been performed on a multifrequency phase fluorometer (K2, ISS, Urbana, IL), employing either the output 514 nm line of an Argon ion continuous wave laser (2025, Spectra physics, Mountain View, CA.) or the 800 nm output of a mode-locked Ti:Sapphire (Tsunami3960, Spectra Physics) synchronously pumped by a solid state laser at 532 nm (Millenia V, Spectra Physics). Temporal characteristics of the beam were 150 fs of pulse width and 80 MHz of repetition rate. Special TPE barrier filters were used for collecting the fluorescence signal and blocking possible high-peak power IR reflections coupled with standard fluorescence filters for the utilized fluorescent molecules.
For FCS measurements, the Tsunami output, properly filtered with neutral density filters, is coupled to an inverted microscope (TE300, Nikon Inc., USA) in the epifluorescence setup. A dichroic mirror (Chroma Technologies, Brottelboro, VT) coupled to a short pass filter allows to send the fluorescence signal to the lateral exit of the microscope where a home-made housing allows to align an avalanche photo diode detector. The detector was connected to an PC interfaced 12 bit correlator (ALV, Germany) and to a acquisition card (National Instruments, Mountain View, CA) which allowed to take the FCS correlation function and the PCH at the same time. Typical counts rates varied from few to 100 kHz. FCS autocorrelation function were acquired for 60 s at least ten times in order to have an estimated on the data. PCH were acquired for 120 s at a sampling rate of 20 kHz, thereby obtaining histograms over 2.400.000 data points. From test measurements on diluted rhodamine 6G solutions we have estimated V EXC = 0.2 µm 3 at λ = 800 nm. Imaging have been acquired with the two photon excitation source focused on the inverted microscope through a PCM2000 Nikon scanning head. An oil-immersion objective at high numerical aperture (NA=1.4) has been used. The residence time of each acquisition, and the photomulitplier (PMT) gain were adjusted properly in order to obtain a good signal to noise ratio. All image analysis and visualization was performed using a home coded software and EZ2000 platform (Nikon, NL). Confocal imaging is performed using strict confocal conditions and 543 nm laser beamlines.
3.RESULTS
The fluorescent probe d-pep has been designed in order to achieve a large two photon cross section (1750 GM), but, on the other hand, its fluorescence quantum yield was found to be not very high (0.15-0.3 in DMSO or ethanol) when compared to other widely used dyes [4] [5] [6] . However, when looking at the sensitivity for microscopy applications, i.e., the product of the cross section and the quantum yield, d-pep shows performances similar or better than other dyes such as rhodamine or fluorescein. A spectral characterization of the dye absorption and emission with one and two photons excitation has been performed as shown in Figure 1 . The dye shows a high one photon extinction coefficient (ranging from 80000 ± 1000 M -1 cm -1 to 60000 ± 1000 M -1 cm -1 depending upon the solvent used). The maximum absorption wavelength is peaked about 524 nm while the emission spectrum shows a large band peaked around 600 nm. The absorption peak, its oscillator strength and the emission quantum efficiency depend upon the solvent polarity. The two photon emission spectrum strongly resembles that obtained with one photon excitation while the two photon excitation spectrum reveals the existence of two peaks at 720 and 800 nm. lambda (nm)
In order to assess whether this probe has an interconversion rate to the triplet excited state, we have performed fluorescence correlation spectroscopy (FCS) measurements. First of all we have detected the range of laser power in which a quadratic dependence of the fluorescence signal is found following two photon excitation, shown in Figure 2 for d-pep in ethanol and in buffer solutions. The probe follows the expected behavior up to 10 mW of power wherefore the fluorescence signal saturates. All fluorescence correlation functions have been analyzed with the expression that takes into account the presence of a triplet state according to 7 :
where g 0 is the extrapolated value of the autocorrelation function, τ D is related to the dye diffusion coefficient D and to the beam waist ω 0 through τ D = 1.15 ω 0 2 /8D; τ T is the singlet-triplet interconversion time weighted with a fraction f T . The parameter g 0 scales with the number of dye molecules in the excitation volume and for two-photon excitation it is given by 8 g 0 = 0.067 / N EXC . FCS measurements of d-pep in ethanol solutions shows values of the zero extrapolated correlation function g 0 higher than those expected for the nominal probe concentration used (C = 50 -100 nM) indicating that the number of fluorescent dyes in the excitation volume is less than N EXC = V EXC C. A curve versus concentration at constant laser power has been obtained where at each concentration both the fluorescence correlation and the photon counting histogram (PCH) have been acquired in order to obtain a cross control on the number of fluorescent molecules in the excitation volume. A plot of the nominal versus true concentration has shown that up to 50-70 nM the probe strongly absorbs to the well walls, while agreement between the two values is found at higher concentration. FCS measurements versus power have been performed therefore at a d-pep concentration of more than 100 nM. The fit of the FCS correlation functions to Eq.1 gives also the translational diffusion time for dpep τ D = 95 ± 10 µs that corresponds to a diffusion coefficient D = 250 ± 25 µm 2 /s, in full agreement with the size of dye 8 . A further important parameter obtained from the FCS data is the relative molecular brightness that is related to the second moment of the photon counting histogram 9 . For d-pep we have estimated a molecular brightness ≅ 3500 Hz/molecule at excitation intensity ≅ 250 kW/cm 2 . This value is of the same order of magnitude as those obtained for a typical bright dye for two-photon excitation microscopy 10 . In particular at each power level examined, the fractional contribution of the triplet state is found to be almost constant (data not shown) to f T ≈ 0.55 ± 0.05, indicating that the transition to the dark state in the d-pep is intensity driven. Moreover the value of the triplet lifetime increase almost quadratically versus laser power, as shown in Figure 3 , reaching values of 7-8 µs at 50 mW, comparable to those found, for example, in the case of rhodamine 6G. Figure 4 shows a typical image of a d-pep-stained cell compared with an analogous one stained with dapi. Since the two sets of images have been acquired under the same staining and power condition, d-pep seems to be more efficient as a two photon dye when compared to dapi. From the figure it is apparent that the two dyes diffuse in similar regions of the cell, in particular in the nucleus and in the mithocondrial DNA at the membrane edge. In fact, the fluorescent dye dapi is a widely used nucleus staining dye. However, since the dapi one photon excitation peak falls in the UV region (about 360 nm), this dye is preferentially used as a two photon dye. In fact UV wavelengths, seldom available in most confocal setups, are highly efficient in inducing cellular damaging.
On the contrary, d-pep has the advantage of having a visible (green) absorption peak, that allows it to be also employed in confocal microscopy, as can be see in Figure 5 , where a 3D scan of d-pep stained yeast cells is shown. These preliminary results suggest that this probe might be a useful alternative to dapi as DNA stainer. D-pep allows then to follow physiological processes in the cells such as nuclear division and material internalization. In Paramecium the probe stains almost immediately the nuclei in paraformaldehyde fixed cells, while images taken at different incubation times reveal that in living paramecia d-pep needs about 30 minutes to reach the nucleus. Its performance can be largely improved if the probe is conjugated to a protein and then ingested by the cell. This has been accomplished by functionalizing the fluorophore with a thiocyanate group, which reacts with lysine and N-terminal residues in proteins. The protein used here was beta-lactoglobulin, a small (18400 Da) transport protein present in mammalian milk. In this case the complex is immediately taken up, then upon ingestion, the covalent link is destroyed by the acidic environment present inside the newly formed food vacuoles and the free dye diffuses in the cytoplasm and stains the macronucleus. The image in Figure 8 shows how d-pep allows to follow in detail some processes in the cell, such as nuclear division. Ciliated protozoa have two types of nuclei: macronuclei and micronuclei. In P. primaurelia, the large macronucleus is positioned in the anterior half of the cell, while the two micronuclei are located in indentations of the macronucleus. The two micronuclei undergo mitosis nearly synchronously during the last hour before cell fission and their divisions are complete before fission furrow is formed. Immediately before cell fission the macronucleus occupies a central position, elongates and then constricts in the middle and finally separates into two equal halves when fission furrow is completed. In order to quantify the affinity that d-pep shows for DNA, we have performed some in vitro fluorescence titrations on d-pep with calf thymus DNA and estimated the equilibrium constant. Since the dye is doubly charged, different ionic strengths have been investigated. The binding constant and the number of binding sites per base pairs could be estimated from a fit of the titration data to a standard Scatchard function 11 . Up to 100 mM, the association constant is found to be 1.5 ±0.5 ×10 6 M -1
, and d-pep is found to bind every 8 ± 1 base pairs. A further increase of the ionic strength causes a slight decrease in the binding affinity as shown in Figure 9 . Similar titrations by employing a A B C protein, the Bovine Serum Albumin, which is known to possess several hydrophobic pockets where it binds small ligands, shows that the binding affinity is very low, less than 10 2 M -1
, thus suggesting that the interaction with DNA is not only driven by hydrophobic forces, but it should have a meaningful contribution from the electrostatic forces, since d-pep is doubly charged. 
4.CONCLUSIONS
We have determined the OPE and TPE excitation and emission spectra of d-pep and we have measured the lifetime decay of the probe in different solvents. The high brightness of d-pep allows to use very few molecules in the excitation volume for FCS and PCH measurements. The singlet to triplet state interconversion rate has been determined and it has been found to increase with excitation power. This suggest that the higher excited states are involved in the two photon absorption. The main result of this preliminary characterization comes from imaging experiments on living cells, where d-pep has proved to be a very efficient dye for both confocal and two photon microscopy. In particular, this dye seems to bind preferentially to cells DNA, as also confirmed by in vitro measurements. The first indications about d-pep toxicity seem encouraging and make this dye a valuable alternative to dapi. A detailed protocol reporting the proper concentrations and incubation time on different typical cells systems is under way. C DNA (µM)
ACKNOWLEDGEMENTS
34 Proc. of SPIE Vol. 5139
